The physiological functions and substrates of the calcium-dependent protease calpain remain only partly understood. The -and m-calpains consist of a -or m-80-kDa large subunit (genes Capn1 and Capn2), and a common 28-kDa small subunit (Capn4). To assess the role of calpain in migration, we used fibroblasts obtained from Capn4 ؊/؊ mouse embryos. The cells lacked calpain activity on casein zymography and did not generate the characteristic calpain-generated spectrin breakdown product that is observed in wild-type cells.
Calpains have been implicated in a large number of physiological processes including cell spreading and migration (1-3), myoblast fusion (4, 5) , cell cycle control (6) and apoptosis (7) (8) (9) . Various forms of calpains have also been implicated in pathological processes such as ischemia-induced damage, Alzheimer's disease, muscular dystrophy, and, more recently, diabetes (10 -18) . However, the physiological functions of calpain and relevant substrates in vivo remain poorly understood. This is partly because of the lack of specificity of many commonly used calpain inhibitors (6) . In this study, the role of calpain during migration has been examined using Capn4 Ϫ/Ϫ embryonic fibroblasts. These cells represent a powerful tool to help define unambiguously the role of calpain in a variety of cellular processes while avoiding the use of calpain inhibitors.
The calpains (-and m-) consist of a -or m-80-kDa large subunit (genes Capn1 and Capn2) and a common 28-kDa small subunit (Capn4). It has been shown that Capn4 ϩ/Ϫ mice are phenotypically normal but that homozygous Capn4 Ϫ/Ϫ embryos die at ϳ10 days post-conception (19) . The Capn4 Ϫ/Ϫ embryos displayed a defect in vascular development, suggesting a role for calpain in endothelial cell proliferation, survival, and/or migration. Interestingly, although no -or m-calpain activity is detectable by casein zymography in Capn4 Ϫ/Ϫ ES cells and embryonic fibroblasts, these cells grow normally. The work described here therefore does not distinguish between the contribution of the two calpain isoforms to the observed phenotype. Interestingly, disruption of the Capn1 gene and loss of -calpain had no major effects in the mouse, although some disturbance of platelet function has been observed (20) .
Following the earlier report that calpain was localized to focal adhesions (21) , recent work has increasingly supported a role for calpain in regulating the actin cytoskeleton, cell spreading, and migration. Calpain has also been localized to integrin clusters and appears to cleave many focal adhesion proteins, including ␤ 3 -integrin, focal adhesion kinase (FAK), 1 and talin (22) (23) (24) (25) . Calpain may also modulate cell spreading and migration by regulating the activities of signaling molecules, including not only FAK but also protein kinase C and the Rho family of GTPases. However, the exact role for calpain in migration is unclear. Some studies have described an inhibition of cell spreading and protrusion after calpain inhibition (2, 3) , whereas other studies have suggested a role for calpain in cell detachment and focal complex dissociation (1, 22) .
To assess the role of calpain during cell migration, we performed time lapse videomicroscopy, immunostaining of focal adhesions, and immunodetection of several focal adhesion components in Capn4 ϩ/ϩ and Capn4 Ϫ/Ϫ embryonic fibroblasts. The changes in phenotype observed in the Capn4 Ϫ/Ϫ cells were partially restored to the wild-type phenotype by transfection of Capn4 Ϫ/Ϫ cells with a vector expressing the rat calpain small subunit. The results establish that calpain is essential for cytoskeletal regulation during migration.
EXPERIMENTAL PROCEDURES
Cells and Cell Lines-Primary fibroblast cultures were established from E9.5 embryos. Time of fertilization was determined by observation of copulation plugs, and noon of that day was defined as E0.5. Embryos were dissected from pregnant Capn4 ϩ/Ϫ females that had been bred with Capn4 ϩ/Ϫ males. The yolk sacs, heads, and internal organs were isolated and used for genotyping by Southern blot hybridization as described previously (19) . Carcasses were treated with 0.25% collagenase in 20% fetal bovine serum in phosphate-buffered saline for 30 min at 37°C, and clumps of cells were disrupted by repeated aspirations through a pipette. After centrifugation, the cells were resuspended in culture medium (Dulbecco's modified Eagle medium (high glucose) supplemented with 10% fetal bovine serum, antibiotics (penicillin, 100 units/ml; streptomycin, 100 g/ml; amphotericin, 25 g/ml), and 2 mM L-glutamine) and plated onto 10-cm plates. Fibroblasts were maintained at 37°C under 5% CO 2 .
Wild-type (Capn4 ϩ/ϩ ) and Capn4 Ϫ/Ϫ embryonic fibroblasts were immortalized through infection with a pBabeHygro-based retroviral vector expressing SV40 large T antigen (Lg T) from 2 cells followed by hygromycin resistance selection (26) .
To restore calpain activity, a pSBC vector expressing the rat 28-kDa calpain small subunit (pSBC-r28) and a pMSCV-puromycin vector (27) were co-transfected into Lg T-transformed Capn4 Ϫ/Ϫ embryonic fibroblasts. The vector pSBC-r28, generated from a precursor kindly supplied by Dr. R. Mellgren, contains the coding sequence for the fulllength rat calpain small subunit between SV40 promoter and poly(A) sequences in pSBC2 (28) . After 6 h of transfection using polyethylenimine (PEI-25), the culture medium was replaced by fresh medium. 48 h later, transfected cells were selected for puromycin resistance by growth in the presence of 2 g/ml puromycin. Forty of the resulting clones were then isolated and tested further for calpain activity by casein zymography. Fetal bovine serum was from HyClone Laboratories, Inc. (Logan, UT). All other reagents for tissue culture were from Life Technologies, Inc.
Antibodies and Reagents-Fibronectin was purified from human plasma by affinity chromatography (29) . For immunofluorescence staining, the anti-vinculin and anti-␣-actinin antibodies were purchased from Sigma and used at a 1:500 dilution. Rhodamine-phalloidin was obtained from Molecular Probes (Eugene, OR) and used at a dilution of 1:1000.
For immunoblotting, anti-354 -534 Npp125 FAK antibodies (used at a 1:1000 dilution) were purchased from Transduction Laboratories; antitalin (clone 8d4, used at a 1:100 dilution), anti-␣-actinin (clone BM-75.2, used at a 1:2000 dilution), and anti-vinculin (clone hVIN1, used at a 1:40000 dilution) from Sigma-Aldrich; and anti-␣II-spectrin (sc 7465, used at a 1:50 dilution) from Santa Cruz Biotechnology, Inc. A polyclonal antibody that binds the large subunit (Capn2) of rat and mouse m-calpain has been described (30) .
Separation and Analysis of -and m-Calpain Activities-Calpain activities in cell and tissue extracts were detected by casein zymography either in a standard Tris-glycine system (31, 32) or using a slightly modified protocol. 2 Cultured fibroblasts were scraped into lysis buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 10 mM 2-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin/ml). After centrifugation to remove particulate debris, aliquots representing 20 -100 g of protein were run on nondenaturing polyacrylamide gels containing casein. Calpain activity was detected by incubating the gels overnight with 5 mM Ca 2ϩ and 10 mM 2-mercaptoethanol in 25 mM Tris-HCl, pH 7.6, followed by fixation and staining with Coomassie Brilliant Blue. Calpain activities were observed as colorless regions cleared of casein in a blue background.
Gel Electrophoresis, Immunoblotting, and Antibodies-After plating on dishes coated with 1 or 10 g/ml fibronectin or 0.1% gelatin and incubation for 1 h at 37°C under 5% CO 2 , cells were harvested in lysis buffer. Protein samples (15 g) denatured in SDS sample buffer were run on SDS-polyacrylamide gels (7.5%) in Tris-glycine buffer (33) and blotted onto Immobilon membranes as described previously (34) .
Protein concentrations were determined using a BCA protein assay kit purchased from Pierce with bovine serum albumin as a standard.
Time Lapse Videomicroscopy-Capn4 ϩ/ϩ or Capn4 Ϫ/Ϫ embryonic fibroblasts were plated in CCM1 (HyClone) onto 35-mm plates (Falcon, Franklin Lakes, NJ) coated with fibronectin at the indicated concentrations. An Olympus IX70 inverted microscope was used to capture images on a CCD camera (Hitachi Ltd.) attached to an SVHS recorder AG-6740 (Panasonic, Elgin, IL). Cells were allowed to adhere for 1 h at 37°C under 5% CO 2 prior to videotaping. Cell dishes were placed directly onto a heated stage and supplemented with 5% CO 2 to maintain the pH as described previously (35) . Cooled CCD control and image processing was done using ISee imaging software on a Silicone Graphics Incorporated computer from Inovision Corp. (Raleigh, NC).
Immunofluorescence Microscopy-Glass coverslips were acidwashed, coated with 10 g/ml fibronectin, and blocked with 2% bovine serum albumin using a protocol modified from Huttenlocher et al. (36) . Cells were allowed to adhere for 12 h at 37°C under 5% CO 2 after which they were fixed and stained as previously described (37) .
RESULTS

Absence of Calpain Activity in Capn4
Ϫ/Ϫ Primary Embryonic Fibroblasts-Capn4 Ϫ/Ϫ primary embryonic fibroblasts were generated from Capn4 Ϫ/Ϫ mouse embryos. Immunoblot analysis demonstrated that the m-calpain large subunit protein was abundant in wild-type cells but was present only in trace amounts in the Capn4 Ϫ/Ϫ primary embryonic fibroblasts (Fig.  1A) as previously shown in ES cells (19) . Immunoblots of the -calpain large subunit or the small subunit were not possible because of a lack of appropriate antibodies. Both -and mcalpain activities were observed by casein zymography in wildtype Capn4 ϩ/ϩ primary cells, but no activity was detected in Capn4 Ϫ/Ϫ cells (Fig. 1B) . These findings are consistent with findings previously reported for extracts from Capn4 Ϫ/Ϫ embryos and ES cells (19) . Because cleavage of spectrin to produce 150-and 145-kDa fragments (spectrin breakdown products) is normally attributed to the activity of calpain (38, 39) , the degradation of spectrin was studied in both Capn4 Ϫ/Ϫ and Capn4 ϩ/ϩ fibroblasts (Fig. 1C) . Spectrin cleavage was not detected in Capn4 Ϫ/Ϫ primary fibroblasts. These results demonstrate the absence of detectable calpain activity in the Capn 4 Ϫ/Ϫ primary embryonic fibroblasts and confirm the role of calpain in spectrin proteolysis.
Reduced Migration and Altered Morphology in Capn4
Ϫ/Ϫ Primary Embryonic Fibroblasts-To determine whether calpain activity is required for normal migration, the morphology and migration of Capn4 ϩ/ϩ and Capn4 Ϫ/Ϫ primary embryonic fibroblasts were examined on fibronectin using time lapse videomicroscopy. Capn4 ϩ/ϩ cells showed maximum migration rates on plates coated with 1.3 g/ml fibronectin, and migration was reduced at higher concentrations of fibronectin. Representative cells were tracked from a minimum of four separate experiments. The Capn4 Ϫ/Ϫ cells showed reduced migration rates with an average rate of 4 m/h in comparison with 12 m/h for control cells. Moreover, only 20% of Capn4 Ϫ/Ϫ cells showed a migration rate greater than 5 m/h, whereas 90% of control cells migrated faster than 5 m/h (Fig. 2) . The morphology of Capn4 Ϫ/Ϫ cells plated on 1.3 g/ml fibronectin was very different from that of the control cells. At all fibronectin concentrations examined, the Capn4 Ϫ/Ϫ cells were less spread than control cells. In addition, at low fibronectin-coating concentrations the Capn4 Ϫ/Ϫ cells had prominent thin membrane projections and filopodia that were not present in control cells (Fig. 3) . Videomicroscopy demonstrated that with 1.3 g/ml fibronectin, the Capn4 Ϫ/Ϫ cells extended numerous filopodia and had delayed retraction of membrane projections that appeared to limit cell translocation and migration speed. Together, these findings demonstrate that calpain activity is essential for normal cell migration and morphology.
Regulation of Focal Adhesions and Organization of Stress Fibers by
Calpain-To determine a mechanism for calpain effects during migration, the organization of focal adhesions and stress fibers in Capn4 Ϫ/Ϫ cells was examined. Our previous studies had demonstrated that treatment of Chinese hamster ovary cells with cell-permeable calpain inhibitors promoted a loss of central focal adhesions with stabilization of prominent vinculin-containing focal complexes at the cell periphery (1). The same effect was observed in Capn 4 Ϫ/Ϫ cells (Fig. 4) and in control cells treated with cell-permeable calpain inhibitors (data not shown). The Capn4 Ϫ/Ϫ cells also showed an absence of central stress fibers with a rim of cortical actin (Fig. 5) . Control cells plated on 10 g/ml fibronectin displayed prominent actincontaining stress fibers with localization of ␣-actinin to both stress fibers and focal adhesions. In contrast, Capn4 Ϫ/Ϫ cells showed a loss of stress fibers and a loss of ␣-actinin localization along stress fibers and focal adhesions. Fig. 5 shows the spectrum of morphologies seen in control and Capn4 Ϫ/Ϫ primary embryonic fibroblasts. At one extreme, Capn4 Ϫ/Ϫ cells showed a highly disorganized actin cytoskeleton with an absence of stress fibers and a loss of ␣-actinin localization, a phenotype not observed in control cells. More commonly, the Capn4 Ϫ/Ϫ cells displayed a highly polarized morphology with a loss of central stress fibers and localization of ␣-actinin along the leading edge of the cell in prominent lamellipodia. Together, these findings demonstrate that calpain is an important regulator of the actin cytoskeleton and focal adhesions.
Talin Cleavage in Cells Plated on Fibronectin-To identify substrates for calpain, the expression and cleavage of some of the components of the focal complex were examined in Capn4 ϩ/ϩ and Capn4 Ϫ/Ϫ cells. The levels of FAK, talin, ␣-actinin, and vinculin were unchanged in Capn4 Ϫ/Ϫ cells as compared with control cells (Fig. 6) . A proteolytic fragment of talin (200 kDa) was observed in Capn4 ϩ/ϩ cells but not in Capn4 Ϫ/Ϫ cells (Fig. 6D) , and this was not dependent on the fibronectin concentration used for plating the cells (data not shown). Under the conditions of these experiments, ␣-actinin, FAK, and vinculin were not cleaved in either cell type. These results establish that spectrin and talin are cleaved by calpain in vivo and suggest that their proteolysis could be one of the key mechanisms by which calpain regulates cell migration and the (15 g ) denatured in SDS sample buffer were run on SDSpolyacrylamide gels (7.5%) in Tris-glycine buffer and then blotted onto Immobilon membranes. m-Calpain large subunit was detected with specific antibodies diluted 5000ϫ followed by horseradish peroxidaselabeled secondary antibodies and enhanced chemiluminescence detection. B, casein zymogram. Fibroblasts were lysed in lysis buffer (see "Experimental Procedures"). The lysates were centrifuged to remove insoluble material, and portions of the supernatant containing 30 g of protein were run on casein zymograms in a standard Tris-glycine system (30, 31) . After electrophoresis, the gels were rinsed and incubated overnight in the presence of 5 mM Ca 2ϩ and 10 mM 2-mercaptoethanol. C, immunoblot analysis of spectrin. The samples were treated exactly as described in A using an antibody against ␣-II-spectrin. SBDP, spectrin breakdown product organization of the actin cytoskeleton.
Rescue of a Capn4 Ϫ/Ϫ SV40 Large T Antigen-transformed Cell Line Using Rat Small 28-kDa Subunit-To confirm that the phenotype observed in Capn4
Ϫ/Ϫ primary embryonic fibroblasts was directly attributed to the absence of calpain activity, we first established transformed embryonic fibroblast cell lines from Capn4 Ϫ/Ϫ and Capn4 ϩ/ϩ primary embryonic fibroblasts using SV40 large T antigen. Immortalized Capn4 Ϫ/Ϫ embryonic fibroblasts were then stably transfected with a vector expressing a rat calpain small subunit (28 kDa). After screening numerous colonies, one cell line, Capn4 Ϫ/Ϫ R, was obtained in which m-calpain activity was restored, although at a level still much less than that of wild-type cells (Fig. 7A) . Given the m-to -activity ratio shown by the Capn4 ϩ/ϩ cells and the low level of m-calpain activity seen in the Capn4 Ϫ/Ϫ R cells, it is still possible that -calpain activity is present in Capn4 Ϫ/Ϫ R cells although at very low levels below the detection limit of the method. The rescue cell line (Capn4 Ϫ/Ϫ R) had a 2-3-fold increase of the level of 80-kDa m-calpain subunit (stabilized by the reintroduction of the small subunit) as compared with the Capn4 Ϫ/Ϫ cell line (Fig. 7B ). In accordance with the partial restoration of calpain activity, the Capn4 Ϫ/Ϫ R cell line also showed some recovery of talin cleavage (Fig. 7C) . Interestingly, cleavage of talin was enhanced in the control Capn4 ϩ/ϩ Lg T-transformed cells plated on fibronectin in comparison with Capn4 ϩ/ϩ primary embryonic fibroblasts (Figs. 6D and 7C ). In addition, a trace of a talin cleavage product was detectable in the Capn4 Ϫ/Ϫ Lg T-transformed cells, although it was undetectable in the Capn4 Ϫ/Ϫ primary embryonic fibroblasts. Together, the results show that the Capn4 Ϫ/Ϫ R cell line has regained a low level of calpain activity.
The morphology of the Capn4 Ϫ/Ϫ cells was restored to wildtype in the Capn4 Ϫ/Ϫ R cell line. Despite the relatively low level of calpain activity, the morphology and organization of the actin cytoskeleton were rescued in the Capn4 Ϫ/Ϫ R cell line. The Capn4 Ϫ/Ϫ Lg T-transformed cells had phenotypic characteristics that were distinct from those of the Capn4 Ϫ/Ϫ primary embryonic fibroblasts. The cells grew in tight aggregates with overlapping cells making tracking of individual cells difficult. On specific low density concentrations of fibronectin, single Lg T-transformed Capn4 Ϫ/Ϫ cells demonstrated an elongated morphology with retraction fibers comparable with those in the Capn4 Ϫ/Ϫ primary embryonic fibroblasts, but the phenotype was rescued in the Capn4 Ϫ/Ϫ R cell line (Fig. 8) . Accordingly, the organization of focal adhesions and stress fibers was also rescued in the Capn4 Ϫ/Ϫ R cell line. The Capn4 Ϫ/Ϫ cell line demonstrated peripheral vinculin-containing focal adhesions comparable with the primary Capn4 Ϫ/Ϫ embryonic fibroblasts. This phenotype was again restored to normal in the Capn4 Ϫ/Ϫ R cell line, with the cells showing central and peripheral vinculincontaining focal adhesions (Fig. 9) . The Capn4 Ϫ/Ϫ R cell line also demonstrated restoration of central stress fibers and ␣-ac- tinin localization comparable with control cells in single cells and cell aggregates (Fig. 10) . Together, the findings demonstrate that restoration of relatively low levels of calpain activity in the Capn4 Ϫ/Ϫ cell line is sufficient to restore the organization of focal adhesions and the actin cytoskeleton in Capn4 Ϫ/Ϫ cells, directly implicating calpain in the observed effects.
DISCUSSION
These studies demonstrate unequivocally that calpain plays a critical role during cell migration and in regulating the organization of the actin cytoskeleton. Capn4 Ϫ/Ϫ cells showed reduced migration speeds and a loss of central focal adhesions and stress fibers. The effects on cell morphology and the organization of the actin cytoskeleton were rescued in a cell line that expressed the rat 28-kDa small subunit, directly implicating calpain in the observed effects. Interestingly, the restoration of calpain activity in the Capn4 Ϫ/Ϫ cell line was found to be difficult, and the isolated cell line expressed only relatively low levels of m-calpain activity, suggesting that expression of the regulatory subunit does not confer a survival advantage. Together, the findings clearly support the critical importance of calpain as a regulator of the actin cytoskeleton and cell migration.
The Capn4 Ϫ/Ϫ cells were less spread than Capn4 ϩ/ϩ cells, with a loss of central focal adhesions and stress fibers. This is consistent with previous reports using calpain inhibitors and suggests that normal cell spreading is a calpain-dependent process (2, 3) . In contrast to these previous reports, however, the Capn4 Ϫ/Ϫ cells were more protrusive and polarized than Capn4 ϩ/ϩ cells at specific fibronectin concentrations. Capn4
Ϫ/Ϫ cells plated on low concentrations of fibronectin showed prominent filopodia with thin projections and prominent retraction fibers in comparison to control cells. Our recent studies have demonstrated that small changes in ligand density may have dramatic effects on signaling via the Rho family of GTPases (35) . These findings suggest that calpain may be affecting cell morphology and migration in a ligand density-dependent manner by modulating the activity of the Rho family of GTPases. A recent report (3) in fact has shown that calpain can act upstream of Rho and Rac to regulate their activity, which is consistent with our results. Under conditions in which Capn4 ϩ/ϩ cells migrated maximally, the Capn4 Ϫ/Ϫ cells had prominent membrane projections, and it appeared that delayed retraction and detachment contributed to the reduced migration rates. These findings confirm previous reports suggesting that calpain is an important mediator of cell detachment during migration (1, 40, 41) . The mechanism of the detachment defect is not clear but may result from the decrease in Rho-mediated contractility or a reduction in focal adhesion disassembly at the rear of the cell. The peripheral distribution of focal complexes observed after calpain inhibition (1) and in the Capn4 Ϫ/Ϫ cells suggests that calpain may play a role in focal complex disassembly. A recent study (22) supports this possibility by demonstrating that collagen fragments promoted focal complex disassembly in a calpain-dependent manner. Thus, it seems likely that calpain activity could be implicated in the disassembly of focal adhesions during cell migration via the cleavage of one or more focal adhesion components. Among these, many proteins such as ␣-actinin, FAK, spectrin, talin, and vinculin have been proposed as calpain substrates (21, 22, (42) (43) (44) . Our results showed that spectrin and talin were cleaved in Capn4 ϩ/ϩ cells but not in Capn4 Ϫ/Ϫ cells and that ␣-actinin and vinculin were not cleaved in either cell type when plated on fibronectin. Furthermore, the levels of expression of all of these proteins were similar in Capn4 ϩ/ϩ and Capn4 Ϫ/Ϫ cells. Recently, calpain-dependent proteolysis of FAK has been shown to accompany v-Src-dependent focal adhesion disassembly (25) , but in our work (using the same antibody as Carragher and co-workers (25)), the level and digestion profile of FAK remained unchanged in Capn4 ϩ/ϩ and Capn4 Ϫ/Ϫ cells. This result indicates that calpain-dependent degradation of FAK may not be required for migration of embryonic fibroblasts under the conditions of our experiments. The possible connections between phosphorylation of some of these potential calpain substrates and the role of calpain in regulating these molecules will be investigated further in the Capn4 Ϫ/Ϫ cells. The cytoskeletal protein talin, a well characterized calpain substrate, has been shown to co-localize with the enzyme at adhesion plaques (21) . Talin was found to be essential in focal adhesion assembly in ES cells but not in some differentiated cells derived from them (45) . Moreover, calpain cleaves talin at an interdomain region in vitro producing an N-terminal proteolytic fragment of 47 kDa and a C-terminal fragment of 
FIG. 8. Morphology of Capn4
؊/؊ and Capn4 ؊/؊ R fibroblasts plated on fibronectin. Cells were treated as described in the legend for Fig. 3 . A, Capn4 Ϫ/Ϫ R fibroblasts; B, Capn4 Ϫ/Ϫ fibroblasts. Bar, 30 m. (21, (42) (43) (44) . It has also been demonstrated that limited proteolysis of talin occurs within focal adhesions of Chinese hamster ovary cells, although no evidence of a role for calpain was presented (46) . Immunodetection of talin in extracts of Capn4 ϩ/ϩ fibroblasts showed the formation of a proteolytic fragment (200 kDa) of talin, which was not detected in Capn4 Ϫ/Ϫ cells. Moreover the restoration of talin cleavage in the Capn4 Ϫ/Ϫ cells after reintroduction of the calpain 28-kDa subunit clearly demonstrates that talin breakdown is due to calpain activity. These findings suggest that calpain may be responsible for the cleavage of talin within the adhesion plaques and for their disassembly. Because talin is known to interact directly with the cytoplasmic domain of the ␤-chain of the integrin receptors (47, 48) and also with actin filaments (49 -51) , it is conceivable that the absence of cleavage of this cytoskeletal protein could be at least in part responsible for the abnormal organization of the actin cytoskeleton and for the reduced migration observed in Capn4 Ϫ/Ϫ cells. Many questions remain unanswered about how calpain regulates cell migration and the organization of the actin cytoskeleton. Although our results suggest that talin proteolysis by calpain is required for normal cell migration, it is likely that calpain cleaves other substrates within the focal complex. A challenge for the future will be to identify these substrates and to understand more about how calpain modulates the cytoskeleton and cell migration. The Capn4 Ϫ/Ϫ cells represent an important tool for the investigation of these questions. Together, our results show that one biological role for calpain is to mediate cell migration by regulating the actin cytoskeleton, cell polarity, and detachment. 
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